ABSTRACT Two dietary sources of zinc (ZnSO 4 or organic Zn) were tested in chickens challenged with coccidiosis (Co) or coccidiosis plus Clostridium perfringens (CoCPF). On day 14, the chickens were orally gavaged with ∼5,000 Eimeria maxima sporulated oocysts. On day 19, 20, and 21 chickens challenged with C. perfringens were given a broth culture containing 10 8 cfu of this bacterium. Productive performance parameters were determined at d 14, 21, and 28. On day 21, necrotic enteritis (NE) lesions were scored, and intestinal permeability was evaluated. Jejunum and cecal tonsils were collected for morphology and gene expression analysis. On day 21, organic Zn improved BW gain by 18.6% (P = 0.07), and FCR by 12% (P = 0.09) in CoCPF challenged chickens vs. birds fed ZnSO 4 . From 1 to 28, organic Zn increased BW gain (P = 0.02), and improved FCR (P = 0.03) vs. birds fed ZnSO 4 . At 21 d, NE lesions were only observed in CoCPF birds (P < 0.001), and mortality due to NE was only observed when CoCPF birds were fed ZnSO 4 (P = 0.001). Organic Zn fed birds had increased villus height in the jejunum (P = 0.005) and decreased intestinal permeability (P = 0.01) vs. ZnSO 4 . In the jejunum, organic Zn fed birds showed a downregulation of expression of IL-8 (P = 0.02), and upregulation of IL-10 (P = 0.05) in CoCPF birds vs. ZnSO 4 -CoCPF birds. As main effect, birds supplemented with organic Zn had higher mRNA expression of TLR-2 (P = 0.02) and IgA (P = 0.01). In the cecal tonsils, organic Zn fed birds showed upregulation of iNOS (P = 0.008) in CoCPF birds vs. ZnSO 4 -CoCPF birds. Organic Zn supplementation reduced intestinal permeability and attenuated intestinal inflammation of broilers co-challenged with coccidia and C. perfringens.
INTRODUCTION
Necrotic enteritis (NE), caused by Clostridium perfringens, has its pathogenesis commonly divided into phases starting with colonization followed by multiplication, acquisition of nutrients, and evasion of immuneresponse. These often lead to intestinal damage, and finally transmission (Prescott et al., 2016) . Although a division exists for didactical purposes, these processes typically occur simultaneously (Prescott et al., 2016) . It is known that coccidiosis, caused by Eimeria spp. (Blake and Tomley, 2014) , is a well-characterized predisposing factor for the development of NE. This is because coccidiosis causes leakage of plasma proteins into the intestinal lumen, and stimulates mucogenesis, which favors the proliferation of C. perfringens (Collier et al., C Prescott et al., 2016) . Consequently, there is intestinal inflammation (Collier et al., 2008) , disruption of the intestinal epithelia through necrosis, and changes in the structure and function of the tight junction (TJ) proteins (Awad et al., 2017) .
Zinc (Zn) is an essential micromineral required for growth, and influences intestinal development and/or regeneration during and after enteric diseases (MacDonald, 2000) . Studies have shown the impact of Zn on growth performance and antioxidant system (Mwangi et al., 2017) ; immune defense and inflammation (Kidd et al., 1996; Prasad et al., 2011; Li et al., 2015) ; intestinal microbial community (Zhang et al., 2012; Shao et al., 2014; Starke et al., 2014) , and intestinal permeability (Zhang and Guo, 2009) . It has been demonstrated that dietary Zn concentrations higher than the 40 mg/kg recommended by NRC (1994) lowers the impact of coccidiosis in broilers (Bafundo et al., 1984; Troche, 2012) . Inorganic sources of Zn have been used for many years but are known to be less available for absorption than organic sources (Mwangi et al., 2211 (Mwangi et al., 2017 Yu et al., 2017) . Thus, it is reasonable to argue that when the absorptive capacity of the intestine is impaired, a more available source of Zn may be needed.
The effects of Zn on intestinal immunology and permeability have been observed previously (Prasad et al., 2011; Troche, 2012; Li et al., 2015) . Organic Zn induced higher expression of A20, an anti-inflammatory regulator, downregulated the expression of inflammatory inducers, including NF-kB p65 (Prasad et al., 2011; Li et al., 2015) , and promoted MUC2 and IgA production, when compared to its inorganic counterpart (Prasad et al., 2011) . The higher expression of A20 promoted by organic Zn is most likely due to an epigenetic effect by lowering DNA methylation (Li et al., 2015) . On the other hand, inorganic Zn-enhanced intestinal permeability and upregulated the expression of occludin and zonula occludens-1 in the ileum of weanling piglets (Zhang and Guo, 2009) .
We hypothesized that organic Zn would improve the performance of broiler chickens challenged with coccidia (Co) or coccidia plus Clostridium perfringens (CoCPF) by enhancing intestinal integrity (jejunum morphology, intestinal permeability, and expression of TJ encoding genes) and by modulating intestinal inflammation (expression of innate immune-related genes). The purpose of this study was to build on prior work by determining the effects of Zn source on the performance and intestinal physiology and immunology of broiler chickens challenged with Co or CoCPF.
MATERIAL AND METHODS

Housing, Birds, and Treatments
The animal care and use procedures followed the Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) under supervision of a licensed poultry veterinarian. One-day-old male Cobb 500 chickens (256) were used in the experiment. Chicks were weighed individually and by pen such that body weight (BW) did not differ between pens. Birds were placed into 32 cages (8 birds/cage and 8 cages/treatment), using a completely randomized design, in an environmentally controlled room. Chickens had ad libitum access to water and feed in mash form during the entire experimental period. An unmedicated basal starter diet was formulated with corn and soybean meal with a Zn free premix to meet or exceed NRC broiler starter requirements (NRC, 1994 ; except for Zn; Table 1 ). Experimental diets were remixed from this basal diet, and the Zn source was added to obtain the experimental diets.
The experiment was arranged in a 2 × 2 factorial design (4 treatments) with Zn source and challenge as factors. Zinc source included 90 mg/kg of supplemental zinc from ZnSO 4 or organic Zn (a partially hydrolyzed soy protein, Bioplex R Zn 10%, Alltech Inc.; Mwangi et al., 2017) fed from day 1 to 28. Birds were Table 1 ). Briefly, 250 mg of feed was diluted into 10 mL of HNO 3 , heated to 100
• C for 5 h, followed by the addition of 20 mL of nanopure water. The samples were then analyzed by ICP. Crude fiber, crude protein, and crude fat (methods 962.09, 990.03, and 920.39, respectively; AOAC International, 2006) were determined by Dairy One (Ithaca, NY). As authors, we recognize that there was an analytical difference in the Zn concentration between diets; therefore, the differences in results between Zn sources may not be completely attributable to the source.
On day 14, all birds were given ∼5,000 oocysts of E. maxima via oral gavage. Starting on day 19, 2 groups of birds fed ZnSO 4 or organic Zn were given a fresh broth culture of C. perfringens with ∼10 8 CFU/mL once daily for 3 d (on day 19, 20, and 21). On day 21, 3 birds from each cage were randomly selected, euthanized, weighed, and examined for the presence and degree of NE lesions. Lesion scoring was based on a 0 to 3 score (Hofacre et al., 1998) , as follow: 0: normal; 1: slight mucus covering the small intestine; 2: necrotic small intestine mucosa; and 3: sloughed and blood small intestinal mucosa and contents. The sample collection was performed at 21 d of age.
Sample Collection and Analyses Performed
Birds and feed were weighed weekly by cage and mortality was recorded daily. Average feed intake (FI) and BW gain were corrected for mortality when calculating feed: gain ratio (FCR) for each cage. On day 21, one bird per cage (8 birds/treatment) was randomly selected, euthanized by cervical dislocation, and the jejunum and cecal tonsils were collected, placed in liquid nitrogen, and frozen at −80
• C for subsequent gene expression analysis. Additionally, a section of the jejunum was collected for morphology and microscopic lesion score analysis.
Jejunum Morphology, Microscopic Lesion Score, and Intestinal Permeability
A section of the jejunum was collected at the midpoint between the bile duct papilla and Meckel's diverticulum. Tissue was fixed in 10% neutral-buffered formalin, routinely processed and embedded in Tissue Path (Fisher Scientific). Two sections were cut per sample, and stained with hematoxylin/eosin to determine villus height, crypt depth, and villus: crypt ratio. Measurements of villi and crypts were performed in 10 intact villi, and 10 crypts per bird. Intestinal sections were also evaluated by histopathology and scored based on the degree of intestinal necrosis and number of coccidia (E. maxima) as described: NE score: 0, no necrotic lesions (absence of enterocyte degeneration/necrosis, intestinal epithelium attached to lamina propria); 1, mild single cell enterocyte degeneration/necrosis detachment from lamina propria; 2, mild necrosis at villi tips; 3, moderate necrosis affecting half of the villi; 4, severe necrosis affecting entire villi and/or submucosa. Coccidia scores were: 1, 0 to 2 coccidia/section; 2, 3 to 30 coccidia/section; 3, 31 to 100 coccidia/section; 4: >100 coccidia/section. The NE microlesion score used herein has not been described previously and was developed by Dr. Monique França (Poultry Diagnostic and Research Center of the University of Georgia). The coccidia score, however, was developed by Dr. Frederic Hoerr and Dr. Joan Schrader (Veterinary Diagnostic Pathology, LLC).
To evaluate gut permeability, oral administration of fluorescein isothiocyanate dextran (FITC-d, 100 mg, MW 4000; Sigma-Aldrich, Canada) and its passage into the blood was used (Zhang et al., 2016) . Briefly, at 21 d FITC-d was diluted in distilled water and given by oral gavage to 1 bird/cage (2.2 mg/bird). Two hours after inoculation, the birds were euthanized. Blood collected from the heart was used to determine the FITCd concentration per mL of serum using a microplate reader at a wavelength of 485 nm and emission wavelength of 528 nm. The FITC-d concentration per mL of serum was calculated based on a standard curve. The higher the gut permeability, the higher the blood level of FITC-d.
Clostridium perfringens Enumeration by qPCR
Quantification of C. perfringens in the cecal content was performed by real time PCR (Wise and Siragusa, 2005) . First, the DNA isolation was conducted following manufacturer recommendations (PowerViral Environmental RNA/DNA Isolation Kit-Mo Bio; QIAGEN, Carlsbad, CA, USA), and a slight modification established by our lab . The presence and quality of DNA was verified by agarose gel electrophoresis (1.5%). Quantitative real time PCR was performed using a pair of primers (Wise and Siragusa, 2005; CPerf165F [5-CGCATAACGTTGAAAGATGG-3] and CPerf269R . The DNA isolated from the cecal digesta was normalized to 100 ng of DNA in each sample, and then 8 μL of sample was used in PCR amplification in a total volume of 20 μL. A pure C. perfringens DNA (the same which was used for challenging the birds) with known concentration was used to construct a standard curve. The cycling conditions were as follows: an initial 10 min step at 94
• C, followed by 45 cycles of denaturation at 94
• C for 10 s, annealing at 55
• C for 20 s, and extension at 70
• C for 10 s. Fluorescence was acquired following the annealing step. The corresponding number of cells was calculated by taking the genome size of C. perfringens into consideration (Dumonceaux et al., 2006) . Bacterial numbers were expressed as log10 genomic DNA copy number per gram of digesta (wet weight).
Intestinal Gene Expression-Real-Time PCR (qPCR) Analysis
The mRNA production of several immune-related genes was evaluated, including cytokines, TLR-2, IgA, MUC2, TJ proteins, Zn binding proteins, and matrix metalloproteinases 7 and 9 (MMP7 and MMP9). Preparation of the samples for qPCR analysis was performed as described by Horn et al. (2014) and the real-time PCR amplification was performed according to Bortoluzzi et al. (2017) . Synthesized cDNA was diluted (2X) with sterile water and stored at −20
• C before use. Primers used are described in Table 2 . The PCR procedure consisted of heating the reaction mixture to 95
• C for 10 min followed by 40 cycles of 95 • C for 15 s, the corresponding annealing temperature for 20 s, and 72
• C for 15 s. The relative standard curve method was used to quantify mRNA concentrations of each gene in relation to the reference gene (GAPDH) which did (Livak and Schmittgen, 2001) , using the treatment challenged only with Co and supplemented with ZnSO 4 as control. All samples were analyzed in duplicate.
Statistical Analysis
The data were analyzed as a 2-way ANOVA using the GLM procedures of SAS (SAS, 2011) . Factors were Zn source and challenge method. Cage was the experimental unit. Means were considered significantly different at P ≤ 0.05 with trends between 0.05 < P ≤ 0.10. Treatment differences were then compared using the least square mean procedure of SAS. All data were tested for normality and homogeneity of variance, using the UNIVARIATE procedure and Bartlett test of SAS (9.4), respectively.
RESULTS
Performance and Mortality
The objective of this study was to evaluate the mechanism of action of different sources of Zn in chickens under coccidia plus C. perfringens challenge which is why the birds were raised in battery cage for up to day 28. The next step will be to conduct a similar study on floor pens up to day 42 to evaluate the growth performance. Growth performance was calculated from 1 to 14 d (before the challenge), i.e., only the effect of Zn source was evaluated (Table 3) . During this time, ZnSO 4 supplemented birds had better FCR than organic Zn-supplemented birds (P = 0.01); BW gain, however, was higher in birds fed organic Zn (P = 0.08). From 1 to 21 d (data not shown), there was an interaction between Zn source and method of challenge for BW gain and FCR. Organic Zn showed a trend towards improved BW gain by 18.6% (P = 0.07), and FCR by 12% (P = 0.09) in CoCPF-challenged chickens when compared to the same group of birds supplemented with ZnSO 4 . From 1 to 28 d (data not shown), no interaction was observed for any of the variables (P > 0.05). However, regardless of the challenge method, organic Zn fed birds had increased BW gain (P = 0.02), and improved FCR (P = 0.03) on day 28. The addition of CPF to Co impaired FCR by 8% (P = 0.04). An interaction was observed for mortality, wherein CoCPF challenge caused mortality only in birds fed ZnSO 4 (P = 0.001; Table 4 ). No interaction was observed for NE gross lesions (P > 0.05), however, gross lesions, characteristic of NE, were only detected when birds were submitted to the CoCPF challenge (P < 0.001; Table 4 ).
Source of variation ---------------Probability--------------------
Growth performance of birds during the experimental challenge (14 to 21 day) and from day 14 to end of the trial (14 to 28 d) is presented in Table 4 . From 14 to 21 d of age, an interaction was observed for BW gain and FCR wherein the CoCPF-challenged birds supplemented with organic Zn tended to have higher BW gain (P = 0.09), and better FCR (P = 0.04) when compared to the CoCPF-challenged birds fed ZnSO 4 . Taking the recovery phase into consideration, 14 to 28 d, an interaction between Zn source and method of challenge was observed for FCR; there was a trend toward significance (P = 0.09), wherein CoCPF challenged birds fed organic Zn had better FCR than the same group of birds fed ZnSO 4 . As a main effect, organic Zn increased BW gain of the birds by 17% when compared to ZnSO 4 -supplemented birds (P = 0.02).
Jejunum Morphology and Histopathology, Intestinal Permeability, and C. perfringens Enumeration
No interaction between Zn source and method of challenge was observed for these variables. However, organic Zn by itself increased villus height by 16% (Table 5; P = 0.005). No effect was observed for crypt depth, and villus: crypt ratio (P > 0.05). No characteristic microscopic lesions of NE were observed in the jejunum (data not shown); however, coccidiosis lesions were observed, with no differences among the different experimental groups (Table 5 ).
There was no interaction between Zn source and method of challenge for gut permeability. Organic Zn, as main effect, decreased intestinal permeability (P = 0.01; Table 5 ), as shown by the lower FITC-d concentration in the serum. The inoculation of C. perfringens on top of E. maxima challenge did not alter the translocation of FITC-d (4 kd) from intestinal lumen to blood. There was no effect of Zn source or method of challenge (P > 0.05) on the C. perfringens enumeration in the caeca content.
Gene Expression
Gene expression data of the jejunum and cecal tonsils are presented in Tables 6 and 7 , respectively. In the jejunum, there was an interaction between Zn source and CoCPF challenge for IL-8 (P = 0.02), IL-10 (P = 0.05), INF-γ (P = 0.07), and LITAF (P = 0.06). Expression of IL-8 was downregulated whereas IL-10, INF-γ, and LITAF were upregulated in CoCPF-challenged birds fed organic Zn vs. those fed ZnSO 4 . CoCPF challenge downregulated the expression of iNOS (P = 0.07). There was an effect of Zn source on TLR-2 expression, wherein organic Zn upregulated its expression. Regarding the gut mucosal immunity, organic Zn upregulated the expression of IgA (P = 0.01). CoCPF challenge also upregulated the expression of this gene (P = 0.03) vs. birds challenged only with Co. Organic Zn upregulated (P = 0.07) the expression of zonula occludens-1 in CoCPF-challenged birds. Ultimately, the CoCPF challenge downregulated the expression of MMP9 (P = 0.03), regardless of the Zn source.
In the cecal tonsils, an interaction was observed for the expression of iNOS (P = 0.008) and MMP9 (P = 0.08) wherein supplementation with organic Zn upregulated mRNA of iNOS and tended to upregulate MMP9 Table 5 . Jejunum morphology, microscopic lesion score of coccidiosis in the jejunum, gut permeability, and C. perfringes enumeration in the cecal content of broiler chickens fed diets supplemented with different sources of Zn, and challenged with E. maxima (14d; Co) alone or with Clostridium perfringens (19, 20, and 21 d; CoCPF * Coccidiosis lesion score: 1: 0-2 coccidia/section; 2: 3-30 coccidia/section; 3: 31-100 coccidia/section; 4: >100 coccidia/section. when birds were challenged with CoCPF vs. birds supplemented with ZnSO 4 . Organic Zn upregulated the mRNA expression of NFK-β (P = 0.047), and tended to upregulate A20 (P = 0.08) and TLR-2 (P = 0.10).
DISCUSSION
Zinc is an essential trace mineral possessing unique chemical properties, which allows it to serve structural and catalytic roles for proteins and enzymatic reactions, acting mainly as an important cofactor (Troche et al., 2015) . Zinc is a cofactor in antioxidant enzymes as well as a mediator of T cell development, and modulator of cytokine production (Prasad et al., 2011) . Higher concentrations of Zn are rationalized based on the literature wherein Zn metabolism changes with coccidial and bacterial challenges. Specifically, plasma Zn greatly decreases (Turk and Stephens, 1966, 1967; Southern and Baker, 1983; Turk, 1986; Richards and Augustine, 1988) whereas hepatic Zn greatly increases as it is bound through up-regulation of metallothionein (MT) during an acute phase response Table 7 . Expression of immune-related genes, and Zn binding protein-encoding gene in the cecal tonsils of broiler chickens fed diets supplemented with different sources of Zn, and challenged with E. maxima (14 d; Co) alone or with C. perfringens (19, 20, and 21 d; CoCPF to these challenges (Richards and Augustine, 1988) . On the other hand, Zn source may also influence the cellular trafficking of Zn (Troche et al., 2015) ; in a study presented from our lab, dietary organic Zn supplementation partially prevented the decrease in the serum Zn concentration due to the challenge (He et al., 2017) , which help explain the better performance observed in organic Znsupplemented birds after the challenge. Epigenetic mechanisms alter gene expression without changes in DNA sequence, and can explain the effects of Zn on the cell. Li et al. (2015) observed that Znattenuated intestinal inflammation by epigenetic mechanisms by modulating the expression of cytokines involved in the inflammatory process. In the present study, organic Zn upregulated the expression of IL-10 and downregulated the expression of IL-8 in CoCPFinfected birds, which suggests that organic Zn was beneficial in attenuating jejunal inflammation in CoCPFinfected broilers vs. birds fed ZnSO 4 . This lower level of inflammatory signaling helps explain the higher villus height and lower intestinal permeability observed in birds supplemented with organic Zn, and consequently lower mortality and better performance. Even though our results show that CoCPF impaired growth performance and promoted a certain degree of inflammation, the absence of microscopic lesions characteristic of NE suggests that the birds developed a mild and subclinical form of NE.
Enteric challenges may alter the mechanisms by which the development of the intestinal immune response occurs, and consequently the nutrient requirement of the animal. In the present study, organic Zn led to an average 3.16-fold increase in the expression of the IgA gene transcript in the jejunum. IgA is the main immunoglobulin present in mucosal secretions that prevents the entry of harmful bacteria (Brisbin et al., 2008) . While there was no interaction between Zn source and challenge, organic Zn caused a much higher fold increase in the expression of IgA when the birds were challenged with CoCPF compared to birds given inorganic Zn (4.22 vs. 1.87-fold). This finding agrees with previous observations where higher secretory IgA was observed in birds receiving organic Zn supplementation (Bun et al., 2011) . On the other hand, Zn source did not change the expression of MUC2, the main gene responsible for the synthesis of mucin. However, CoCPF infection tended to upregulate its expression.
In a previous study, subtle differences were observed when the basolateral surface of intestinal tissues from birds challenged with a mild coccidial vaccine were exposed ex vivo to a secretory stimulant (carbachol; Troche, 2012) . Birds fed a moderately deficient Zn diet dramatically increased mucosal secretion of chloride. Feeding ZnSO 4 alone (90 mg of total Zn/kg diet) was unable to mitigate this hyper-chloride secretion/anaphylactic response, whereas a blend of ZnSO 4 and a Zn amino acid complex restored chloride secretion back to levels of unchallenged birds (Troche, 2012) . Those findings are in line with the results herein, where a proteinate organic Zn-decreased intestinal permeability, as measured by FITC-d translocation from the intestinal lumen to the blood. Thus, form and delivery of Zn to tissues along the digestive tract may play a functional role in immunological and intracellular responses to pathogens such as Eimeria and C. perfringens.
Changes in the intestinal permeability may be influenced by modulation (down or up-regulation) and/or functionality of TJ proteins, in which bacterial-derived proteases may cause its degradation (Awad et al., 2017) by a broad range of mechanisms. However, it has been demonstrated that C. perfringens enterotoxins are able to attach to the cell surface by binding to the TJ proteins, especially to the claudin family proteins (Eichner et al., 2017) . In the present study, CoCPF challenge tended to upregulate the expression of claudin 2, a pore-forming TJ protein, probably as a mechanism to increase the efflux of water and ions into the intestinal lumen, and consequently promote pathogen clearance (Tsai et al., 2017) . On the other hand, organic Zn tended to upregulate the expression of zonula occludens-1 only in CoCPF-challenged birds, which may help explain the lower intestinal permeability effects of organic Zn.
Additional transcriptional profiling in a NE model suggests that MMP 7 and 9, both of which contain Zn, are critical for differential inflammatory responses by intestinal intra-epithelial lymphocytes (Kim et al., 2014) . We observed that CoCPF challenge significantly decreased the expression of MMP9 in the jejunum but was unaffected by Zn source. In the cecal tonsils, however, organic Zn tended to upregulate its expression in CoCPF-challenged birds. Influence of Zn source on translocation to MMP 7 and 9 proteins, however, remains uncertain. Recent work has demonstrated the impact of coccidiosis on the movement of Zn inside the cell (Troche et al., 2015) , and further work is being done by our lab to elucidate the effect of Zn source and bacterial challenge on the Zn status of the animal and cellular Zn trafficking.
CONCLUSION
Overall, organic Zn-improved performance from 1 to 28 d of age and prevented the mortality up to 28 d of age in CoCPF-challenged chickens. Additionally, organic Zn-increased jejunum villus height, decreased intestinal permeability, and modulated the expression of genes related to the immune response, including IL-8, IL-10, IgA, TLR-2, A20, and iNOS. In conclusion, organic Zn vs. ZnSO 4 had beneficial effects on the performance of chickens challenged with coccidiosis plus C. perfringens inoculation by enhancing the intestinal integrity and partially attenuating the inflammation in the jejunum and cecal tonsil under the conditions of this study.
